The gene encoding Drosophila myosin-18 is complex and can potentially yield six alternatively spliced mRNAs. One of the major features of this myosin is an N-terminal PDZ domain that is included in some of the predicted alternatively spliced products. To explore the biochemical properties of this protein, we engineered two minimal motor domain ( The myosin superfamily is composed of 36 known classes of molecular motor proteins based on amino acid sequence homology (1). In general, myosins are characterized by a catalytic motor domain responsible for binding actin and hydrolyzing ATP. Despite high amino acid sequence homologies in the motor domains, there is considerable variation in the enzymatic and mechanical properties of myosins that allows for the performance of widely different tasks within cells.
The myosin superfamily is composed of 36 known classes of molecular motor proteins based on amino acid sequence homology (1) . In general, myosins are characterized by a catalytic motor domain responsible for binding actin and hydrolyzing ATP. Despite high amino acid sequence homologies in the motor domains, there is considerable variation in the enzymatic and mechanical properties of myosins that allows for the performance of widely different tasks within cells.
The founding member of class 18 of the myosin superfamily, originally called MysPDZ and later myosin-18A, was distinguished from other myosin classes by the presence of a PDZ domain located upstream of the motor domain (2) . PDZ domains are protein-interacting modules that are common components of proteins that establish and maintain molecular complexes within the cell, such as scaffolding proteins involved in cellular signaling cascades (3) . N-terminal PDZ domains within the myosin superfamily are specific to class 18 (1) . There is also a lysine and glutamic acid (KE)-rich sequence in mammalian myosin-18A that lies at the extreme N terminus followed by a short amino acid sequence between this domain and the PDZ domain. Both the PDZ domain and the KE-rich domain are missing in some alternatively spliced isoforms of mammalian myosin-18A.
Mammals express another myosin-18 isoform (termed myosin-18B), which is encoded by a unique gene (4, 5) . This myosin is missing the PDZ domain. A gene in Drosophila melanogaster for myosin-18 was identified through genome sequence analyses searching for myosin motor domains (6, 7) . Since its initial identification as a possible myosin, no analyses on Drosophila myosin-18 have been published.
The amino acid sequences of myosin-18 isoforms reveal the presence of a consensus IQ motif that might be expected to bind calmodulin or a calmodulin family member, such as the regulatory or essential light chains. It also has a long tail region that is predicted to form an extended, but interrupted, coiled coil domain, which should serve to dimerize the molecule. In this regard, the myosin-18 has some similarities to class 2 myosins (8) . Whether myosin-18 molecules can self-associate to form filaments via this tail is an open question.
Class 18 myosins in mice and humans have been implicated in physiological events, including stromal cell differentiation (18A) (2) and tumor suppression (18B) (4, 9, 10) . In mammalian cell culture, myosin-18A has been suggested to play a role in maintenance of trans-Golgi structure and maintenance of actin networks in the lamellipodia (11, 12) . However, a biochemical analysis on murine myosin-18A suggested that its actin binding properties are markedly different from previously described myosins. There is an ATP-insensitive actin binding site located in the KE region or the region in between the KE region and the PDZ domain (13) . Furthermore, the isoform lacking the KE region does not appear to bind actin even in the absence of ATP (13, 14) .
In this study, we expressed Drosophila myosin-18 motor domain-containing fragments in an Sf9/baculoviral system for biochemical analysis. We show that this myosin motor does not bind ATP, but unlike the mammalian myosin-18A, the core motor domain does bind actin. This suggests a role for Drosophila myosin-18 as a dynamic actin tether.
EXPERIMENTAL PROCEDURES
Sequence Analysis of Drosophila Myosin-18-Exon analysis and sequence alignment of all six isoforms CG31045 (the gene annotation for Drosophila Mhcl from FlyBase) against the reverse complement of the full genomic sequence of D. melanogaster chromosome 3R (GenBank TM accession number AE014297.2) were performed using ClustalW (European Molecular Biology Laboratory).
5Ј Rapid Amplification of cDNA Ends-Full-length sequences of CG31045-A and -F were isolated through 5Ј RACE 2 using mRNA isolated from whole fly using a TRIzol extraction protocol (15) . A cDNA pool was generated by reverse transcription PCR using oligo(dT) primers and SuperScript II reverse transcriptase (Invitrogen). Sequences were amplified from cDNA with Platinum HiFi Supermix (Invitrogen) and standard PCR techniques (PTC-200 Thermocycler, MJ Research). 5Ј RACE primary amplification was performed with the primer pair downstream primer (1856A) CGGAACATGGAGA-CAACCTT and upstream Universal Anchor Primer (Invitrogen) CUACUACUACUAGGCCACGCGTCGACTAGTAC-GGGIIGGGIIGGGIIG followed by nested amplification with the primer pair downstream primer CTGCTTCTCGA-CATCGTCCT (1665A, 954F) and upstream Abridged Universal Anchor Primer (Invitrogen) CUACUACUACUAGGC-CACG CGTCGACTAGTAC.
Antibody Production and Embryo Staining-A polyclonal genomic antibody was generated in rabbit and affinity-purified with ELISA against Drosophila myosin-18 amino acids . Drosophila embryos were collected, fixed, and stained using protocols by Harlow and Lane (16, 17) with the exceptions that 4% paraformaldehyde solution in PBS was used in place of PIPES-buffered formaldehyde solution for fixation and that all wash steps during the staining procedure were done over a period of 30 min using PBS containing 1% Triton X-100. Embryos were stained with the primary antibody at a 1:1,000 dilution in blocking buffer and with secondary Alexa Fluor 488 goat anti-rabbit antibody (Invitrogen, Molecular Probes) at 1:5,000 in blocking buffer. Stained embryos were stored in Vectashield antifade mounting medium (Vector Laboratories, Inc., Burlingame, CA). Confocal microscopy was performed using a Zeiss LSM 510 confocal system with a 20ϫ, 0.75 numerical aperture oil immersion objective and 488 nm laser excitation using a depth of 1.2 m per section. For illustrating the ubiquitous nature of the staining, 17 confocal sections were projected into a single image.
PCR Amplification and Cloning of Drosophila Myosin-18-Cloning of myosin-18 utilized aforementioned cDNA pools and primer pairs designed to amplify and ligate 5Ј and 3Ј halves of the sequence as follows: 5Ј sequence of CG31045-A (1-5130): upstream primer, ATTATCGGTCCGATGTTCAA-CTTTATGAA; downstream primer, CTTGGCTTGTTCGA-GCACTGTATCTGAC; 3Ј sequence of CG31045-A (4173-6125): upstream primer, CAACGAGATGAACGATCTGCG-CATG; downstream primer, AATTAACTAGTCGATACTT-GGCGTTATTT; 5Ј sequence of CG31045-F (1-4373):  upstream primer, ATTATCGGTCCGATGTTCCTCAAGCC-GAA; downstream primer, ATCTCGTCCAGTTCTTCCTC-CTGTTCCTT; 3Ј sequence of CG31045-F (3990 -5772): upstream primer, ACAGAAGATGACCAACGAGATGAAC-GATC; downstream primer, AATTAACTAGTCTATAATG-CTTGTGCTGCTT. Each PCR product was ligated into the pCR4-TOPO vector (Invitrogen) with subsequent double restriction digestion using RsrII and EcoRI to ligate the 3Ј sequences into pFastBac1 (Invitrogen) containing a C-terminal FLAG tag (DYKDDDDK) between the NotI and XbaI sites (pFastBac1-NX) followed by double digestion with EcoRI and SpeI to add in the 5Ј sequences. Subsequent cloning of MMD fragments from full-length sequences utilized the QuikChangeII site-directed mutagenesis kit (Stratagene, Agilent Technologies, Santa Clara, CA) with sense and corresponding antisense primers designed to introduce an SpeI restriction site into the myosin-18 sequence that corresponds to residue Arg 761 of Dictyostelium myosin-2 to generate a construct equivalent to a characterized minimal motor domain (18) : M-PDZ (isoform A, 3957) sense primer, ACTAGTAGT-ACGTCGCGCTTGGCTT; M-⌬PDZ (isoform F, 3248) sense primer, ACTAGTAGCAGTACGTCGCGTTTAGCT. Double digestion of correctly sequenced positive mutant clones using EcoRI and SpeI was used for ligation into pFastBac1-NX.
Baculoviral Expression of MMD-Both MMD constructs were expressed in the baculoviral/Sf9 system. Infected cells were harvested by sedimentation after 48 h of growth. Cell pellets were quickly frozen in liquid nitrogen and either processed immediately or stored at Ϫ80°C for processing later. Purification of myosin-18 proteins using the C-terminal FLAG tag was performed according to Wang et al. (19) except that 2 ml of FLAG resin (Invitrogen) was rotated with the cell lysate for 2 h at 4°C, fractions were analyzed by 4 -20% Tris-glycine SDS-PAGE, and fractions containing protein were pooled and dialyzed three times overnight against 1 liter of buffer containing 0.5 M KCl, 10 mM MOPS (pH 7.2), 0.1 mM EGTA, 3 mM NaN 3 , 1 mM dithiothreitol (DTT), and 0.1 mM PMSF.
Characterization of Nucleotide Interaction-The actin-activated MgATPase activity of the myosin-18-MMD proteins was assayed with an NADH-coupled assay at 25°C in the presence of 0.5 M motor and concentrations of actin ranging to 50 M F-actin (20) . The solutions used for these measurements included the following reagents: 50 mM KCl, 10 mM MOPS (pH 7.2), 2 mM MgCl 2 , 0.15 mM EGTA, 2 mM ATP, 40 units/ml lactate dehydrogenase, 200 units/ml pyruvate kinase, 1 mM phosphoenolpyruvate, and 200 M NADH. Changes in A 340 were monitored using a Beckman DU640 spectrophotometer. The radiometric K ϩ -EDTA ATPase assay as described in Pollard and Korn (21) was performed in buffer containing 0.5 M KCl, 20 mM MOPS (pH 7.0), 2 mM EDTA, and 0.5 mM [␥-32 P]ATP (PerkinElmer Life Sciences).
The emission and excitation spectra of nucleotide analog 3Ј-(7-diethylaminocoumarin-3-carbonylamino)-3Ј-deoxy-ATP 2 The abbreviations used are: RACE, rapid amplification of cDNA ends; deac, 3Ј-(7-diethylaminocoumarin-3-carbonylamino)-3Ј-deoxy; mant, N-methylanthraniloyl derivative of 2Ј-deoxynucleotide; SkHMM, skeletal muscle myosin-2 heavy meromyosin; MMD, minimal motor domain of myosin; Dd, D. discoideum; NMIIB, nonmuscle myosin IIB; Myo2, myosin-2.
(deac-amino-ATP) and -ADP in the presence and absence of myosin-18-MMD constructs (1 M) were taken with a FluoroMax3 photon-counting spectrofluorometer (Horiba Jobin Yvon) with thermostated cell housing. The protein was clarified by sedimentation for 10 min at 100,000 ϫ g in a Beckman TLA-100 rotor at 4°C just prior to the analysis. Excitation spectra were taken using an emission wavelength of 430 nm, and emission spectra were taken using an excitation wavelength of 470 nm. The buffer conditions were 0.5 M KCl (25 mM KCl for myosin-5-S1-6IQ), 10 mM MOPS (pH 7.2), 3 mM MgCl 2 , 1 mM EGTA, and 1 mM DTT at 20°C. Binding of N-methylanthraniloyl derivatives of 2Ј-deoxy-ATP (mant-ATP) and 2Ј-deoxy-ADP (mant-ADP) to myosin-18-MMD constructs was analyzed using a stopped-flow apparatus (Sf2001, KinTek Corp., Austin, TX) by excitation at 365 nm using a 400-nm long pass filter for emissions. The conditions were 50 mM KCl, 20 mM MOPS (pH 7.0), 5 mM MgCl 2 , and 0.05 mM EGTA at 25°C using 0.4 M myosin-18-MMD and 5 M mant-nucleotide analogs.
Steady-state fluorescence anisotropy measurements of mant-ATP at 0.5 M were taken using a FluoroMax3 photoncounting spectrofluorometer (Horiba Jobin Yvon) with thermostated cell housing. Protein samples were clarified by sedimentation immediately prior to the measurements by spinning for 10 min at 100,000 ϫ g in a Beckman TLA-100 rotor at 4°C. Resulting protein concentrations used for anisotropy experiments were 1.96 M myosin-18 M-PDZ, 2.63 M myosin-18 M-⌬PDZ, and 6.1 M nonmuscle myosin IIB (NMIIB) S1 as a control. Further control anisotropy measurements to control for viscosity effects were taken in the presence of 2 mM unlabeled ATP. Experiments with myosin-18 motors were performed in buffer containing 0. 15 cpm/mol) in the buffer mentioned above for 60 s. For quantification, dried membranes were exposed to Fujifilm BAS-MS phosphorimaging screens and scanned on a Fuji FLA-5000 series image analyzer (Fuji Medical Systems, Stamford, CT). Quantitation was done using Image Gauge software (version 3.0, Fuji Medical Systems).
Protein Unfolding Analysis-Circular dichroism (CD) spectra were recorded on a Jasco J720 spectropolarimeter equipped with a temperature controller using a 2-mm cuvette and wavelength range between 205 and 240 nm. All measurements were performed in buffer containing 0.5 M KCl, 10 mM KH 2 PO 4 (pH 7.2), 0.1 mM EGTA, 3 mM NaN 3 , and 1 mM DTT. For thermal denaturation experiments, the CD spectra were recorded after the protein samples were incubated for 5 min at different temperature points. Curves were analyzed with SigmaPlot 11.0.
Characterization of Actin Binding-Binding of myosin-18-MMD to F-actin was assayed by cosedimentation using 1 M motor mixed with different concentrations of phalloidin-stabilized F-actin prepared from rabbit skeletal muscle (6) in the absence of ATP. Incubations were for 10 min at room temperature in buffer containing 0.1 M KCl, 20 mM MOPS (pH 7.0), 5 mM MgCl 2 , 0.05 mM EGTA, 1 mM NaN 3 , and 1 mM DTT. Variations on the cosedimentation assay included using 20 M F-actin not stabilized by phalloidin, adding 1 mM ATP, and increasing incubation times of myosin-18 motor with F-actin up to 60 min. Following incubation, centrifugation at 100,000 ϫ g in a Beckman TLA-100 rotor at 4°C was performed. The supernatant was removed, and the pellet was resuspended in 1ϫ SDS sample buffer to an equivalent volume. Supernatants and pellets were fractionated by 4 -20% Tris-glycine SDS-PAGE. Gels were stained with Coomassie Blue and analyzed by densitometry (Odyssey version 3.0, Licor Biosciences, Lincoln, NE). Corresponding data points were fitted to a quadratic equation, correcting for the amount of motor that pellets itself in the absence of actin, typically in the range of 10% (SigmaPlot 11.0, Systat Software, Inc., San Jose, CA). For repeat pelleting assays, the supernatant from the first sedimentation at 20 M actin was brought to the same actin concentration again, incubated as before, and then resedimented under the same assay conditions.
Actin Gliding Assays-Motility assays were performed in buffer containing 50 mM KCl, 20 mM MOPS (pH 7.4), 5 mM MgCl 2 , 0.1 mM EGTA, 1 mM ATP, 25 g/ml glucose oxidase, 45 g/ml catalase, 2.5 mg/ml glucose, and 50 mM DTT. All experiments were performed at 30°C with a 0.2 mg/ml total concentration of myosin. Noise within the motility setup was determined to be 0.066 Ϯ 0.035 m/s (n ϭ 26) using 0.2 mg/ml SkHMM in the absence of ATP. Visualization of filaments and quantification of motility were performed in accordance with Homsher et al. (22) .
Optical Trapping-Three-bead assays (23, 24) were performed using a dual beam optical trapping apparatus similar to that reported in Vanzi et al. (25) and Takagi and co-workers (26) .
To perform the three-bead assay, an in vitro force assay chamber (volume, ϳ40 l) was constructed using two coverslips, one of which was decorated sparsely with 2.1-m-diameter glass microspheres (Bangs Laboratories, Fishers, IN) suspended in nitrocellulose, assembled using double sided adhesive tape. Myosin-18 motor constructs were diluted to a concentration of ϳ10 -50 pM in 25 mM KCl, 25 mM imidazole, 4 mM MgCl 2 , 1 mM EGTA (pH 7.4) at 22°C (AB Ϫ buffer) (27) and allowed to bind nonspecifically inside the chamber. Approximately 4 chamber volumes of AB Ϫ buffer with 1 mg/ml bovine serum albumin were flushed through the chamber to reduce nonspecific binding of beads and actin filaments. AB Ϫ buffer supplemented by the following reagents (2 mM creatine phosphate, 50 mM DTT, 10 M ATP, 0.1 mg/ml creatine phosphokinase, 3 mg/ml glucose, 0.1 mg/ml glucose oxidase, and 0.02 mg/ml catalase; Ref. 28 ) was used in the final mixture together with 0.2 nM rhodamine-phalloidin (Invitrogen)-labeled, 10% biotinylated filamentous actin and NeutrAvidin (Thermo Fisher Scientific, Rockford, IL)-coated 1-m biotin-labeled polystyrene beads conjugated with tetramethylrhodamine B-isothiocyanate (TRITC-BSA) (29) . Thus, under fluorescence imaging, a single actin filament was attached to two 1-m beads via manipulation of the optical traps. These bead/actin dumbbells (length, ϳ5-7 m) were made taut and positioned above the glass microspheres attached to the surface of the chamber, functioning as a pedestal, to record transient unitary actomyosin-18 interactions. Only one of 15-20 pedestals exhibited unitary actomyosin interactions, providing statistical support for the concept that only a single myosin-18 motor was capable of interacting with the actin filament at any instance.
Experiments were performed using an optical trap stiffness of ϳ0.015-0.02 pico-newton/nm. Similar to experiments reported in Baboolal et al. (26) , data were sampled at 20 kHz while sine waves (frequency, 200 Hz) of amplitudes of ϳ300 nm (peak to peak) were applied to one of the optical traps (30, 31) . A decrease in the standard deviation of the noise level of this sine wave was used to distinguish regions of the collected data as periods either with or without myosin-18 motor attachments. Analysis was performed using custom software written in LabVIEW 6.0 (National Instruments, Corp., Austin, TX), and histograms were plotted using SigmaPlot 11.0 (Systat Software, Inc.). Histograms for both myosin-18 isoforms are compiled from data collected from five pedestals for M-PDZ (n myosin ϭ 5) and seven pedestals for M-⌬PDZ (n myosin ϭ 7). 
RESULTS

Genomic Analysis, Protein Expression, and Embryo Stain-
ing-Genome analysis of the Drosophila myosin-18 gene (CG31045) suggests the possibility of six alternatively spliced isoforms (Fig. 1A) . The longest isoforms contain an N-terminal PDZ domain followed by a myosin motor domain, two IQ consensus sequences, and a long segmented coiled coil. There is no sequence homologous to the KE-rich region found in some mammalian myosin-18A isoforms. Shorter alternatively spliced Drosophila isoforms within the gene are truncated from the N terminus, producing isoforms lacking the PDZ domain or motor domain. All six isoforms share a conserved sequence within the tail region with the exception of their last exon, which distinguishes the longest isoforms from each other. at European Molecular Biology Laboratory was aligned with exons to illustrate six alternatively spliced isoforms (A-G) varying at the N terminus. B, lane 1 is molecular weight standards. Lane 2, 5Ј RACE analysis of whole fly mRNA using nested PCR to amplify PDZ and ⌬PDZ isoforms yielded two bands, one at 1.7 kb corresponding to PDZ-containing isoforms and one at 0.9 kb corresponding to the ⌬PDZ isoform. C, expression constructs of minimal motors of Drosophila myosin-18 for baculoviral expression in Sf9 cells truncate the sequence at Leu 1319 for M-PDZ and Leu 1082 for M-⌬PDZ, the residues corresponding to Dictyostelium myosin-2 Arg 761 , followed by a C-terminal FLAG tag for purification. D, M-PDZ and M-⌬PDZ expressed proteins purified using a FLAG affinity tag and fractionated by 4 -20% Tris-glycine SDS-PAGE. Lane 1, molecular weight markers; lane 2, M-PDZ at 140 kDa; lane 3, M-⌬PDZ at 116 kDa: lane 4, molecular weight markers. E, representative Drosophila embryo (stage 13) stained with a polyclonal antibody at a 1:1,000 dilution in blocking buffer (scale bar, 50 m). The primary antibody was raised in rabbit against an uninterrupted segment of the coiled coil region of myosin-18 that is shared between all six potential isoforms of the protein. Visualization of the localization pattern used Alexa Fluor 488 goat anti-rabbit secondary antibody at a 1:5,000 dilution in blocking buffer. Using confocal microscopy with a 20ϫ, 0.75 numerical aperture oil immersion objective and a section depth of 1.2 m, the localization of myosin-18 was ubiquitous throughout all embryonic tissues as seen in this projection of 17 confocal sections. Such ubiquitous staining was seen throughout all observed embryonic developmental stages.
To date, mammalian myosin-18A isoforms have been classified as containing or lacking N-terminal PDZ domains. Thus, Drosophila myosin-18 PDZ and ⌬PDZ isoforms were specifically targeted for analysis by 5Ј RACE using a priming region within the motor domain (Fig. 1B) . The cDNA sequence corresponding to both PDZ and ⌬PDZ isoforms is present in whole fly mRNA extract. Antibody staining of Drosophila embryos using a polyclonal antibody capable of recognizing all six potential isoforms through the shared coiled coil sequence illustrates a ubiquitous staining pattern throughout embryos (Fig. 1E) and was seen at all embryonic developmental stages (data not shown).
Drosophila No ATPase Activity-To analyze the PDZ and ⌬PDZ isoforms kinetically, each isoform was expressed in an Sf9 baculoviral system as a minimal motor domain construct containing the respective N-terminal sequence and terminating with Leu 1319 in M-PDZ and Leu 1082 in M-⌬PDZ, the residues corresponding to Arg 761 of Dictyostelium myosin-2 that constitutes a minimal catalytic domain for the myosin motor (18, 33) (Fig. 1C) , along with a C-terminal FLAG affinity tag for purification. Successfully purified motor constructs were confirmed with gel electrophoresis and Western blotting against the FLAG epitope with the PDZ isoform running at 140 kDa and the ⌬PDZ isoform running at 116 kDa as expected based on sequence analysis (Fig. 1D) .
The two myosin-18 motor fragments were analyzed for the ability to hydrolyze ATP in an ATP-regenerating NADH-coupled actin-activated ATPase assay (Fig. 2) . There was no detectable MgATP hydrolysis activity for either MMD construct in the absence of actin. Neither construct exhibited an activation of the MgATPase activity in the presence of actin compared with that of the actin alone. The actin concentration in these experiments ranged up to 50 M actin with 2 mM ATP (data not shown). Further experiments determined that there was no detectable release of the P i in a radiometric basal K ϩ -EDTA ATPase assay (21) (data not shown).
Three approaches were used to examine whether the MMD constructs were able to bind ATP. First, the fluorescent ATP analog deac-amino-ATP was used. The fluorescence intensity of this analog is typically enhanced upon binding to myosins (34, 35) . The fluorescence intensity of deac-amino ATP showed no increase in the presence of the myosin-18 constructs (Fig. 3,  A and B) . In contrast, the fluorescence intensities of the same nucleotide increased 20-fold in the presence of myosin-5-S1-6IQ (Fig. 3, C and D) as has been shown previously (34) . Similar results were seen using mant-ATP and mant-ADP, which showed no increase in the quantum yield in the presence of either isoform of Drosophila myosin-18 (36) (data not shown).
A second, more sensitive way to monitor nucleotide binding is to use fluorescence anisotropy. Here we compared the anisotropy values of mant-ATP alone with that of mant-ATP in the presence of Drosophila myosin-18 M-PDZ and -⌬PDZ proteins (Fig. 3E ). As controls, we used NMIIB S1 and a control in which the proteins were first mixed with 2 mM ATP and then with mant-ATP to correct for any viscosity effects. The anisotropy value of the free mant-ATP was 0.018, which only increased minimally when Drosophila myosin-18 M-PDZ and -⌬PDZ proteins were added. In contrast, the anisotropy value of mant-ATP in the presence of NMIIB S1 was nearly 10-fold higher, indicating binding of the nucleotide to myosin. In the presence of excess unlabeled ATP, the anisotropy values of mant-ATP in the presence of NMIIB S1 or the myosin-18 proteins were in the same range as found for the Drosophila myosin-18 M-PDZ and -⌬PDZ proteins in the presence of mant-ATP alone.
Third, to more directly examine any potential binding of ATP to the myosin-18 nucleotide binding pocket, [␣-32 P]ATP was used in a filter binding assay (Fig. 4) . Subsequent phosphorimaging of the nitrocellulose membranes definitively showed that although a skeletal muscle myosin-2 heavy meromyosin control was able to bind radiolabeled ATP the Drosophila myosin-18 M-PDZ and -⌬PDZ proteins on the membrane showed only base-line levels of ATP. Collectively, these experiments provide strong evidence that Drosophila myosin-18 is unable to bind ATP.
CD Measurements and T m Calculation-The results described above raised the question of whether the expressed myosin-18 protein is folded properly. To confirm the folding of the protein, the temperature-dependent unfolding of the proteins was analyzed using a CD spectrum of each construct.
Both Drosophila myosin-18 motor constructs unfolded in a single step between 40 and 50°C (Fig. 5 ). The T m measured for each construct with this method is in line with previously reported values from proteins in the myosin superfamily, which can range from 40 to 60°C (37) . Further confirmation of the proper folding of the Drosophila myosin-18 expressed proteins was provided by the change in tryptophan fluorescence over the same temperature range used in the CD measurements, which confirmed T m values for the Drosophila myosin-18 proteins to be between 40 and 50°C (data not shown). JUNE 17, 2011 • VOLUME 286 • NUMBER 24
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Myosin-18 Motor Binds to Actin in ATP-insensitive Manner-
Both Drosophila myosin-18 motor constructs bound to F-actin in cosedimentation assays, and the binding of each became saturated below 100% even at high actin concentrations (Fig. 6A) . 2), 3 mM MgCl 2 , 1 mM EGTA, and 1 mM DTT. The proteins were spun for 10 min at 100,000 ϫ g in a Beckman TLA-100 rotor at 4°C just prior to the assay to remove aggregates. C and D, excitation and emission spectra of deac-amino-ATP assays repeated and contrasted with 1 M mouse myosin-5-S1-6IQ (black). Myosin-5-S1-6IQ was analyzed in a similar buffer as above but containing 25 mM KCl. Note the difference in the scale values for the fluorescence intensities in the two experiments. E, steady-state fluorescence anisotropy values comparing mant-ATP at 0.5 M (black) alone in solution with mant-ATP in the presence of Drosophila myosin-18 M-PDZ and -⌬PDZ proteins at 1.96 and 2.63 M, respectively. Experiments were performed in buffer containing 0. 5 M KCl, 10 mM MOPS (pH 7.2), 0.1 mM EGTA, 3 mM NaN 3 , and 1 mM DTT. Controls using 6.1 M NMIIB S1 and further controls for viscosity effects by adding 2 mM unlabeled ATP (gray) are also shown. cps, counts/s. Dissociation constants (K d ) determined by fitting the binding curves to a quadratic equation were determined to be 1.0 Ϯ 0.2 M with saturation at 83.2 Ϯ 5.4% for M-⌬PDZ and 2.6 Ϯ 0.2 M with saturation at 58.2 Ϯ 11.0% for M-PDZ. To further explore the nature of the lack of complete binding of myosin-18 motor to actin, variations on the cosedimentation protocol were carried out at 20 M actin (Fig. 6B ). Saturation consistent with the data presented for each motor in phalloidin-stabilized actin filaments in Fig. 6A was seen with untreated actin filaments. Varying the incubation period of myosin-18 motors with actin to 60 min (at room temperature) and 24 h (on ice) before sedimentation did not change the extent of motor bound. There are at least two possibilities to explain this saturable fractional binding of myosin-18-MMD to actin. It is possible that there is a fraction of the protein (40 -50% for M-PDZ and 15-25% for M-⌬PDZ) that is denatured or improperly folded that cannot bind actin. Alternatively, there may be an equilibrium between a conformation that was competent to bind actin and a conformation that was incompetent to do so that is established within the time course of the sedimentation experiment.
To distinguish between these possibilities, the supernatant from the first sedimentation at 20 M actin was brought to the same actin concentration again, incubated as before, and then resedimented. Of the protein remaining in the supernatant after the first sedimentation using M-PDZ, 50.3% rebound to actin in the second sedimentation, suggesting that there is an equilibrium between a binding-competent and a binding-incompetent conformation (Fig. 7) . A similar equilibrium was observed for the myosin-18 M-⌬PDZ (data not shown) as well as with other myosins (6, 38) .
Additionally, binding curves for both constructs were established in the presence of 1 mM ATP (Fig. 6C) . Fitting those data to a quadratic equation revealed dissociation constants similar to those determined in the absence of ATP (1.0 Ϯ 0.1 M and saturation at 81.3 Ϯ 8.9% for M-⌬PDZ and 1.5 Ϯ 0.1 M and saturation at 48.2 Ϯ 14.5% for M-PDZ). These results further support our data suggesting that there is an ATP-insensitive F-actin binding property for myosin-18.
To explore the nature of the interaction of myosin-18 motor with actin, two approaches were used. We tested its ability to impede the translocation of actin filaments by an actively 
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cycling myosin, SkHMM, in an in vitro motility assay. Previous studies showed that either actin-binding proteins or unphosphorylated smooth muscle myosin, which cannot move actin filaments, can retard and even stop the movement of actin filaments by SkHMM when mixed with this myosin on the coverslip surface (39, 40) . Mixing increasing molar ratios of Drosophila myosin-18 motor constructs with SkHMM resulted in a slowing of the rate of movement of the actin filaments to the point where the movement eventually ceased (Fig. 8) . M-PDZ halted SkHMM motility when the total myosin in the assay contained 75% myosin-18, whereas M-⌬PDZ was able to halt SkHMM motility with as little as 50% of the total myosin composition, consistent with the differences in binding affinities of the two motor constructs. When present on the coverslip surface alone, either of the Drosophila myosin-18 motor constructs tethered actin filaments to the surface but did not translocate them (data not shown).
The interaction of Drosophila myosin-18 motor constructs with actin was further explored using optical trapping in a three-bead assay. In this assay, an actin filament was tethered between two beads held by separate optical traps under an induced oscillation of 200 Hz, and the interaction of actin with motor bound to a larger surface bead was measured. Interactions between the myosin-18 motor and actin were detected by a decrease in the Brownian noise of the beads. Each interaction between Drosophila myosin-18 and actin was characterized for displacement. Both the M-PDZ and -⌬PDZ proteins interacted with actin within the assay (Fig. 9, A and B, respectively) . Detachment rates were determined from fitting a single exponential fit to the respective histograms of lifetimes of Drosophila actomyosin-18 interactions (Fig. 9, C and D) . The lifetimes for both constructs were brief with detachment rates of 94.2 Ϯ 1.0 s Ϫ1 for M-PDZ and 57.0 Ϯ 0.6 s Ϫ1 for M-⌬PDZ. Furthermore, displacement histograms for both constructs during the Drosophila actomyosin-18 interactions (Fig. 9, E and F) were centered at ϳ0 nm, suggesting that the protein does not induce a power stroke against the filament even in the presence of 10 M ATP. For a mechanically active myosin, the displacement histogram will show a "shift" in the peak of the Gaussian distribution by the size of its power stroke as shown in previous studies (26, 30) . Optical trapping data of both myosin-18 motor constructs provide further evidence that this myosin binds to actin but does not function as a typical actively cycling molecular motor.
DISCUSSION
The myosin superfamily is composed of 36 known classes as determined by sequence homology of the motor domain (1) . Despite the high homology in amino acid sequence of the motor domains, there are considerable quantitative differences in rate constants of the individual steps in the enzymatic cycles, in the rate of in vitro motility, and in the strength of actin binding among the various myosins (41, 42) . For example, the actinactivated MgATPase rate and the rate of translocation of actin filaments for nonmuscle myosin-2B was more than 100-fold less than that of fast skeletal muscle myosin (43) . In addition, some myosins have high duty ratios and can move processively along actin as single molecules, whereas others cannot (34, 42) . These differences in enzymatic properties along with extreme variations in the domain structure of the tail regions allow myosins to perform very diverse tasks within cells.
Drosophila myosin-18 represents the most extreme example of this motor diversity because it does not bind ATP but still retains the ability to bind to actin. In this regard, it behaves qualitatively similar to Limulus myosin-3 (recently reclassified as class 21; Ref. 1), which also does not bind ATP (6) . This suggests that some myosins may function as dynamic actin tethers and, in this regard, should be added to the extensive list of actin-binding proteins with diverse functions, such as controlling actin polymerization, localizing actin to various cellular compartments, and bundling actin filaments into various higher order structures (21) . A similar theme of motor diversity has been proposed for the microtubule-binding protein Vik1, which appears to have evolved from a kinesin-14 motor to feature a tertiary structure resembling a motor-like fold but has FIGURE 7. Evidence for two conformational states of myosin-18 motor. Myosin-18-MMD proteins were sedimented with 20 M actin as in Fig. 6 . The left two lanes show the supernatant (S) and pellet (P) fractions from a representative experiment using M-PDZ. The supernatant from this experiment was mixed with 20 M actin, and a second sedimentation was performed. The supernatant and pellet from this experiment are shown in the right two lanes. The fraction of actin bound in the first sedimentation was 54.9%, and the fraction bound in the second sedimentation was 50.3%. Ionic conditions were as described in Fig. 6 . FIGURE 8. Attenuation of skeletal muscle myosin-2 heavy meromyosin in vitro motility by Drosophila myosin-18. Varying ratios of rabbit skeletal muscle myosin-2 heavy meromyosin to M-PDZ (F) or M-⌬PDZ (E) were mixed together with the total myosin concentration held constant at 0.2 mg/ml. Motility was assayed at 30°C in buffer containing final concentrations of 50 mM KCl, 20 mM MOPS (pH 7.4), 5 mM MgCl 2 , 0.1 mM EGTA, 1 mM ATP, 25 g/ml glucose oxidase, 45 g/ml catalase, 2.5 mg/ml glucose, and 50 mM DTT. Centroid tracking of at least 15 filaments was performed and analyzed with the CellTrak program. Noise within the motility setup was determined to be 0.066 Ϯ 0.035 m/s (n ϭ 26) by imaging immobile actin filaments bound to a surface coated with 0.2 mg/ml SkHMM in the absence of ATP.
lost the loop and switch regions that are necessary for ATP binding (44) .
Our minimal motor domain construct is truncated at Leu 1319 in M-PDZ and Leu 1082 in M-⌬PDZ, which corresponds to residue Arg 761 of Dictyostelium myosin-2. Truncations of myosins beyond Ile 754 of that motor have been shown to retain catalytic activity (18, 33) . We would therefore expect our truncated constructs to reflect the full kinetic function of myosin-18 while eliminating the need for bound light chains that themselves may require modifications to elicit function of the motor.
We provide several lines of evidence to support the lack of nucleotide binding by myosin-18. These include lack of perturbation of the fluorescence intensity and anisotropy of mant-ATP and deac-amino-ATP, lack of interaction with [␣-32 P]ATP, and lack of effect of ATP on the binding of myosin-18 to actin measured either by direct sedimentation assays or from the lifetimes of attached events in the optical trap.
We confirmed that this lack of nucleotide binding cannot be attributed to spurious amino acid substitutions within the cloned sequences because the sequence of the clones matches that in the database. Further supporting evidence that the lack of ATP binding is an inherent property of this motor and not a result of protein misfolding was established by CD spectrum and tryptophan fluorescence analyses of temperature-dependent unfolding of each molecule. We established T m values for the myosin-18 proteins in the range of 40 -50°C, which is similar to those reported for other myosins (37) , suggesting proper folding of our proteins.
The inherent lack of ATP binding could be attributed to several interesting residues found at integral sites in the amino acid sequence of the motor (Fig. 10A) . The sequence of the P-loop of myosin-18 is fairly conserved from the standard myosin sequence (GRSGAGKS compared with the consensus GES-GAGKT). The Switch I and II regions of myosin-18 do exhibit several differences from conserved motor sequences (NXNSS-RFGK). In Switch I, two types of differences can be seen. First, there are residue changes substituting consensus amino acids with alternative residues that have bulkier side chains. These alterations, including Thr 709 of Drosophila myosin-18 replacing a serine and Thr 712 replacing a glycine, may affect the position of Switch I, thereby preventing its role in coordinating potential bound nucleotide and Mg ϩ2 or preventing the binding of nucleotide altogether. Second, residues known to be important in the transition between states during the kinetic cycle of the motor (Ala 708 substituted for the consensus serine) are altered from the conserved sequence. Although these changes may not explain a total lack of nucleotide binding, other reports suggest that these mutations would be . E and F, fitting the displacement data collected from the optical trap during each actomyosin-18 interaction to a Gaussian distribution yielded histograms centered at Ϫ0.98 Ϯ 1.6 nm for M-PDZ (E) and at Ϫ0.03 Ϯ 1.35 nm for M-⌬PDZ (F). Data were collected at 22°C in a buffer containing 25 mM KCl, 25 mM imidazole (pH 7.4), 4 mM MgCl 2 , 1 mM EGTA, 2 mM creatine phosphate, 50 mM DTT, 10 M ATP, 0.1 mg/ml creatine phosphokinase, 3 mg/ml glucose, 0.1 mg/ml glucose oxidase, and 0.02 mg/ml catalase.
expected to result in slower hydrolysis rates and slower P i release (45) .
Switch II (DIXGFE) of myosin-18 replaces a conserved glutamic acid with a glutamine (Gln 944 of Drosophila myosin-18 isoform A). In other myosins, this glutamic acid forms a salt bridge with a conserved arginine in Switch I. Disrupting the salt bridge by mutating this glutamic acid has been shown in smooth muscle myosin or Dictyostelium myosin-2 to dramatically decrease the rate of basal and actin-activated nucleotide hydrolysis by the motor but does not interfere with the binding of nucleotide into the pocket (46 -48) . However, in the case of myosin-18 motors, the glutamic acid is mutated to a glutamine, and such a substitution may not prevent closure of Switch II but may instead destabilize the pre-power stroke conformation and instead favor a post-rigor conformation.
The presence of a proline in Switch II (Pro 941 of Drosophila myosin-18 isoform A) could result in a restriction of the conformations that the flexible switch could adopt during the kinetic cycle of the motor. This proline residue would also affect the position of the nitrogen in the following glycine, which is integral for ATP binding and transitioning the switch to a prepower stroke conformation.
In addition to these single residue substitutions in the myosin-18 motor, there are also two regions of extended amino acid insertions that we propose may also play a role in making this motor highly divergent from the superfamily (Fig. 10, B-D) . A 6-amino acid extension after Switch II, between corresponding residues Asn 464 and Ser 465 in Dd Myo2, is likely buried within the interior of the motor domain. By comparison, other myosin amino acid insertions (compared with rabbit skeletal muscle myosin) are usually present in surface loops (49) , whereas the lengths of the various helices and ␤-sheets in the "interior" of the myosin domain are generally well conserved. The added bulk from these inserted buried residues could potentially change the dynamics of the cleft closure of the motor, perhaps producing a well defined structure for the motor with low affinity for nucleotide and weakened affinity for actin (46, 48, 50) . A second insertion of interest in the Drosophila myosin-18 sequence involves a 21-residue surface loop extension that precedes the SH2 helix of the motor, inserted between corresponding residues Gln 662 and Leu 663 in Dd Myo2. A similar insertion of 29 residues is present in Mus musculus myosin-18A. This long, flexible extension may potentially change how rearrangements of regions of the motor domain occur.
Another possibility is that the activity of Drosophila myosin-18 is regulated by some post-translational mechanism, such as a phosphorylation or the binding of a regulatory protein, and that we have isolated the myosin in an inactive state. However, other myosins that have been shown to be regulated, such as lower eukaryotic myosin-1, smooth muscle myosin-2, and and Leu 663 (yellow) is located before the SH2 helix of the motor. D, space-filling model of the crystal structure of the same region as in C. The Gln 662 -Leu 663 insertion can be seen on the surface of the motor, suggesting it to be a large surface loop that may potentially change how rearrangements of the motor domain occur during the kinetic cycle. The Asn 464 -Ser 465 insertion, however, cannot be seen clearly in the space-filling model, suggesting that the 6-residue insertion would be buried within the motor structure and could potentially change the dynamics of cleft closure and perhaps produce a well defined motor structure with low nucleotide affinity and weakened affinity for actin.
myosin-5, bind nucleotide and have low basal MgATPase activities in their "off" states (12, 39, 42) . There is no precedent for a myosin regulatory mechanism at the level of nucleotide binding.
The affinity of Drosophila myosin-18 for actin is intermediate between that typically exhibited by other myosins in their nucleotide-free state (strong binding) and in the ATPbound state (weak binding). The lack of stoichiometric binding observed was similar to that seen with Limulus myosin-3 (6) or with myosin-9 (38) in the presence of ADP and suggests that there may be an equilibrium between a conformation of myosin-18 that is competent to bind to actin and a conformation that does not bind to actin. In the case of all three of these myosins, it was found that addition of actin to the unbound fraction followed by another sedimentation resulted again in only partial binding of the myosin. We have not been able to establish a suitable kinetic model to explain both the partial binding of myosin-18 to actin in the first sedimentation and the partial binding seen in the subsequent resedimentation.
Drosophila myosin-18 bound to a coverslip surface is capable of tethering fluorescently labeled actin filaments. In addition, when mixed with skeletal muscle myosin on a coverslip surface, it can attenuate the rapid translocation of actin filaments exhibited by that myosin and, at higher ratios of myosin-18 to skeletal muscle myosin, can fully stop the movement of actin filaments. This supports the notion that myosin-18 dynamically binds to actin filaments as its behavior in this experiment mimics that of other actin-binding proteins, such as ␣-actinin and filamin (51) . Furthermore, the transient binding of myosin-18 to actin can be seen in optical trapping experiments with no significant power stroke, consistent with myosin-18 functioning as a tethering protein rather than a motor protein. M-PDZ and M-⌬PDZ also exhibited slightly different detachment rates determined from optical trapping experiments. Perhaps the N-terminal extension of this myosin provides an alternate actin binding mechanism to that of the conventional actin binding via the motor domain. Using the detachment rates from the optical trapping experiments and the affinity constants determined from cosedimentation assays, we can estimate the apparent actin binding on-rate for this myosin to be in the range of ϳ2-10 ϫ 10 7 M Ϫ1 s Ϫ1 , which is similar to rates observed for other myosins (52, 53) .
The affinity of myosin-18 for actin is in the 1 M range like other actin-binding proteins, including ␣-catenin (54), talin (55) , and ␣-actinin (56). This affinity is much lower than most members of the myosin superfamily when no nucleotide is present with the exception of Limulus myosin-3 whose affinity has been calculated to be 0.1 M (6, 41). It is well known that bound ATP (or ADP⅐P i ) dramatically reduces the actin affinity for most myosins with no nucleotide bound (41) .
The affinity of myosins for actin may be modulated by the degree of closure of the cleft between two large subdomains that constitute the actin interface in the head. Crystal structures of numerous myosins in the presence of different nucleotides show that this cleft can be in an open or closed conformation. Recent molecular modeling of myosin crystal structures into the density obtained from electron microscopic images of myosin motor domains bound to actin suggests that in the higher affinity, no nucleotide bound state the cleft is closed (50) . The lower affinity of myosin-18 for actin suggests that the head conformation of myosin-18 is intermediate between that of the apo state and the nucleotide-bound state for typical myosins.
Only one study has been published on the biochemical properties of the mammalian myosin-18A protein (14) . In that study, heavy meromyosin-like (two-headed) constructs of myosin-18A with and without the N-terminal extension were expressed in HeLa cells and used in actin cosedimentation assays without purification. Interestingly, the isoform containing the region between the KE-rich and the PDZ domains bound to actin in an ATP-insensitive manner, whereas constructs missing this region did not bind to actin under either condition. These data suggest that only the region between the KE-rich domain and the PDZ domain can interact with actin and that the mammalian myosin-18 motor domain, unlike that of Drosophila, does not interact with actin at all. No attempts were made to directly measure the ATPase activity or the nucleotide binding of these isoforms (14) .
A recent study by Dippold et al. (11) suggested that mammalian myosin-18A interacts with the Golgi-associated protein GOLPH3 and participates in the maintenance of trans-Golgi structure. This study used siRNA knockdown of the endogenous myosin-18A and found that trans-Golgi structure was disrupted. Normal structure could be rescued by a wild-type myosin-18A construct but not by an ATPase mutant construct of myosin-18A corresponding to mutations in myosin-2 that abolish MgATPase activity in that myosin. This study suggests that the mammalian myosin-18A may have MgATPase activity, and the authors of the study speculate that the motor activity of this myosin is necessary for formation of proper Golgi structure. However, the conflicts between the above study (11) and the Isogawa et al. (14) study suggest the need for biochemical experiments to be conducted on purified mammalian myosin-18A before comparisons are made with the Drosophila myosin-18 protein.
The data reported here suggest that Drosophila myosin-18 does not have MgATPase activity, nor does it have the ability to bind ATP, but its motor domain, both with and without the N-terminal extension, does have the ability to bind and tether actin. The full-length protein is encoded to have a long segmented coiled coil in the tail region that may allow it to oligomerize into thick filaments similar to those formed by myosin-2. If so, these multiply aligned heads would dramatically increase the effective actin affinity of the complex and if the filaments were bipolar, such as those formed by nonmuscle myosin-2, could tether actin filaments of opposite polarity. Drosophila myosin-18 may also act as a protein scaffold to tether other proteins to actin. Some isoforms contain an N-terminal PDZ domain, which is a well known protein-protein interaction domain. From our studies, the PDZ domain does not appear to confer any kinetic changes within the motor. Future studies will seek to identify binding partners for the fulllength molecule through the PDZ domain as well as through the tail.
Myosin-18 Acts as Dynamic Actin Tether
